The maintenance of organs and their regeneration in case of injury are crucial to the survival of all animals. High rates of tissue turnover and nearly unlimited regenerative capabilities make planarian flatworms an ideal system with which to investigate these important processes, yet little is known about the cell biology and anatomy of their organs. Here we focus on the planarian excretory system, which consists of internal protonephridial tubules. We find that these assemble into complex branching patterns with a stereotyped succession of cell types along their length. Organ regeneration is likely to originate from a precursor structure arising in the blastema, which undergoes extensive branching morphogenesis. In an RNAi screen of signaling molecules, we identified an EGF receptor (Smed-EGFR-5) as a crucial regulator of branching morphogenesis and maintenance. Overall, our characterization of the planarian protonephridial system establishes a new paradigm for regenerative organogenesis and provides a platform for exploring its functional and evolutionary homologies with vertebrate excretory systems.
INTRODUCTION
Planarian flatworms have astonishing regenerative abilities (Reddien and Sánchez Alvarado, 2004) . Arbitrary tissue fragments originating from almost any body plan position can regenerate into complete and perfectly proportioned animals. This ability is even more fascinating in face of the anatomical complexity of planarians. As members of the Lophotrochozoa, they contain a set of organ systems typically associated with higher animals, including a central nervous system (CNS; bi-lobed brain and ventral nerve cords), a muscle layer surrounding the body wall, a highly branched gut cavity, an excretory system (protonephridia), and complex arrays of sensory systems (e.g. chemo-, rheo-and photoreceptors). In order to restore the anatomical complexity of newly formed tissues, the regeneration of a complete animal from a random tissue fragment necessitates organogenesis on a massive scale. Regenerative organogenesis shares a number of problems with embryonic organogenesis (e.g. cell differentiation and morphogenesis), but raises further intriguing questions. Does organogenesis in regenerated tissues proceed de novo or by templated biogenesis from organ remnants? How is the regenerative response tuned to replace exactly the missing organ mass? How are functional and morphological integration between regenerated and pre-existing organ fragments achieved? Similar questions pertain to the limited, but medically important, regenerative abilities of vertebrate organs (e.g. the liver) (Pahlavan et al., 2006) and are generally not well understood.
In terms of organ regeneration, the planarian CNS has so far received the most attention (Cebria, 2007; Agata and Umesono, 2008) . However, the multitude of cell types indicated by the rich and varied gene expression patterns and cell morphologies described to date make a mechanistic understanding of planarian brain regeneration a daunting endeavor (Collins et al., 2010; Nishimura et al., 2010; Nishimura et al., 2008; Nishimura et al., 2007; Cebria et al., 2002; Umesono et al., 1999) . In search of a simpler structure to develop as a regenerative organogenesis model, we decided on the planarian excretory system, which consists of epithelial tubules that appear to end blindly in the mesenchyme. This feature defines the planarian excretory system as protonephridial, in contrast to metanephridial systems such as the vertebrate nephron, in which one terminus is located in an extracellular fluid compartment (Wilson and Webster, 1974) . Protonephridia are found throughout the animal kingdom. Their evolutionary relationship with metanephridial systems such as the mammalian kidney remains a subject of intense debate and considerable interest due in great part to the limited suitability of traditional invertebrate model systems for studying kidney pathologies (Hyman, 1951; Wilson and Webster, 1974; Ruppert, 1994) .
However, the anatomy of planarian protonephridia is not well understood. According to Hyman (Hyman, 1951) , who remains the most comprehensive author on invertebrate anatomy, the planarian excretory system consists of anastomosing 'main tubules' along the lateral body margins and their ciliated side branches. The lumen of the tubules is thought to be continuous with the outside via dorsally located nephridiopores. However, substantial disagreements in the underlying light microscopic observations from the late 19th and early 20th century reveal considerable uncertainty regarding this view (Chichkoff, 1892; Wilhelmi, 1906) . On the ultrastructural level, electron microscopy studies described protonephridia as having the following components: (1) cylindrical cells located at the tip of the ciliated side branches, with narrowly apposed strands of cytoplasm forming a fenestrated barrel around a central bundle of cilia, the flickering movements of which gave rise to the term 'flame cell' (McKanna, 1968a; Ishii, 1980a) ; (2) an initial ciliated tubule segment connected to the lumen of the flame cell barrel and purportedly composed of squamous epithelial cells; and (3) nonciliated 'main tubules' composed of a cuboidal epithelium (Pedersen, 1961; McKanna, 1968b; Ishii, 1980b) .
Functional studies on protonephridia in planarians or other invertebrates are extremely scarce, but it is generally assumed that the concerted beating of the flame cell cilia bundle creates a pressure gradient to force tissue fluid across the fenestrations into the lumen of the tubule, where the lining epithelial cells modify the ultrafiltrate by absorption and secretion during its proximodistal passage and eventual release to the outside (Wilson and Webster, 1974) . Likewise, knowledge regarding the molecular or functional identity of protonephridial cell types remains largely elusive (Finken-Eigen and Kunz, 1997; Pedersen, 1961; Skelly and Shoemaker, 2001) .
We report here a systematic analysis of protonephridial structure and function with modern molecular biology tools. Our visualization of protonephridial architecture in planarians and the concomitant identification of specific markers for flame cells, proximal and distal tubule cells reveal a complex, branched epithelial organ consisting of multiple cell types. We found that protonephridia regenerate in a stereotypic sequence of events and we identified EGF signaling as a crucial regulator of protonephridial branching morphogenesis.
MATERIALS AND METHODS

Planarian maintenance
The CIW4 clonal line of Schmidtea mediterranea was maintained as described (Cebria and Newmark, 2005) . One-week starved animals were used for all experiments.
Gene identification and cloning
All genes were cloned from an 8-day regeneration timecourse cDNA library prepared as described previously (Gurley et al., 2008) . EGFR-5 was identified by performing BLAST analyses of the planarian genome against a panel of vertebrate and invertebrate EGFR sequences followed by reverse BLAST of the resulting hits against the human and Drosophila melanogaster genomes to ensure EGFR homology. The following primers (5Ј to 3Ј) were used: DNAH-3f, TAGCTGACCAAG AAGAAG -AAGTGG; DNAH-3r, CACAGACTTTAATGGA TCGACACC; CAVII-1f, TTATTTCTTGTCTCATCTCTTGATCTG; CAVII-1r, CAGG -CACATGAAAATTGCAC; inx10f, ATGGTTCTTTCG GAATTCATAG; inx10r, AAATAAAATCATCTTTCAGTGGTAA AGTGGA; EGFR-5f-1, AGTGTGAACAACGATTAGGATG; and EGFR-5r-1, TCAGCAGG -TTTCTCACATAC.
The 3Ј-end of the EGFR-5 sequence, which was exclusively used for the sequence analysis purposes of Fig. S2 in the supplementary material, was cloned with EGFR-5f-2 (TCTTTTACGGAATTGAG) and a poly(T) reverse primer.
In situ hybridization and immunohistochemistry
Whole-mount and fluorescent in situ hybridizations were performed as previously described (Pearson et al., 2009) . Following fluorescence or NBT/BCIP development, animals were incubated with anti--Tubulin antibody (1:300, NeoMarkers) or anti-acetylated-Tubulin antibody (1:500, Sigma) to detect ciliated sections of protonephridia. Primary antibodies were detected with Alexa Fluor-labeled anti-mouse secondary antibodies (1:500, Invitrogen). For documenting NBT/BCIP-developed whole-mount in situ specimens, animals were mounted in 80% glycerol and photographed using a Zeiss SteREO Lumar.V12 equipped with an AxioCam HRc camera. Whole-mount specimens stained with fluorescent markers were mounted in 2:1 benzyl benzoate:benzyl alcohol after dehydration in methanol and imaged on a Zeiss LSM510 live laser-scanning microscope. For sectioning, fluorescently stained whole-mount animals were dehydrated in a graded series of ethanol, incubated for ~2 hours in 1:1 ethanol:Immuno-bed (Polysciences) and subsequently immersed in 100% Immuno-bed supplemented with catalyst according to the manufacturer's recommendations. Sections (10 m) were collected on a Leica microtome equipped with a glass knife. Sections were mounted in Fluoromount-G (SouthernBiotech) and photographed using the Zeiss LSM510.
Histology
Specimens were prepared as follows. (1) Animals were fixed overnight at 4°C in 2.5% glutaraldehyde in 0.1 M sodium cacodylate, 1 mM CaCl 2 . (2) Animals were washed in wash buffer comprising 0.1 M sodium cacodylate supplemented with 1 mM CaCl 2 and 1% sucrose (w/v) for 1 hour at room temperature (3-4 exchanges) and in distilled water for 1 hour at room temperature (3-4 exchanges). (3) Specimens were dehydrated in acetone at 30% (20 minutes), 50% (20 minutes), 70% (overnight), 90% (20 minutes, twice), and 100% (20 minutes, three times). (4) Specimens were embedded in epon-araldite (30% resin/acetone for 5 hours, 70% resin/acetone for 6 hours, 90% resin/acetone overnight, and fresh 100% resin for 8 hours, curing at 60°C for 2 days). (5) Thin sections (1 m) were collected using an Ultracut UCT microtome (Leica), stained with Toluidine Blue, mounted in Cytoseal XYL (Richard-Allan Scientific), and photographed using a Zeiss Axiovert microscope. Quantifications were carried out independently by two observers.
Electron microscopy
Specimens were prepared using high-pressure freezing/freeze substitution as previously described (Pellettieri et al., 2010) . Ultrathin (50 nm) sections were collected using an Ultracut UCT microtome. Transmission electron microscopy specimens were stained with 2.5% uranyl acetate for 4 minutes prior to imaging on a Hitachi H-7100 electron microscope equipped with a Gatan Orius CCD camera.
RNA interference (RNAi)
RNAi feedings were performed as described previously (Gurley et al., 2008; Rink et al., 2009) . Six feedings at 2-to 3-day intervals were used in the unsuccessful attempt to elicit DNAH-3(RNAi) and CAVII-1(RNAi) phenotypes. For inx10(RNAi) and EGFR-5(RNAi) experiments, animals were fed three times at 2-to 3-day intervals. For regeneration time series experiments, animals were amputated 3 days after the last feeding. For Fig.  5C and Fig. S5D ,E in the supplementary material, RNAi-fed animals were additionally injected with EGFR-5 double-stranded (ds) RNA at 200 ng/l 3 days after amputation. dsRNA was prepared using the MEGAscript RNAi kit (Ambion).
RESULTS
Anatomy and ultrastructure of the Schmidtea mediterranea protonephridial system Sections of the planarian protonephridial system are known to be ciliated, and it has been reported that antibodies against tubulin, a major structural component of cilia, may label flame cells (Cebria and Newmark, 2005) . We therefore used -Tubulin staining of whole-mounted animals to gauge the general organization of protonephridia in planaria. Even though -Tubulin staining also labeled other anatomical features ( Fig. 1A,C) , protonephridia were by far the brightest structures, allowing unambiguous tracing of their course through the tissue. The club-shaped cilia bundles of flame cells were readily apparent ( Fig. 1A) . Flame cells were highly abundant throughout the entire animal and appeared to be specifically aligned along the head margins (Fig. 1A , bottom left). At higher magnification, flame cells could be seen to connect to an -Tubulin-positive network, which is likely to correspond to the ciliated tubule segments described in previous electron microscopy studies (Pedersen, 1961; McKanna, 1968b) . Our whole-mount stains revealed a stereotypic organization of planarian protonephridia into tree-like units, whereby a common highly coiled 'stem' splits into several thinner branches, each carrying one or two flame cells at its end. At least in the caudal regions of planarians, this arrangement results in a remarkably consistent number of 14 or 15 flame cells/unit (14.55±0.65), possibly indicating a stereotyped developmental sequence of protonephridia ( Fig. 1B) . Transverse sections showed protonephridial units to be entirely embedded in the mesenchyme and distributed without appreciable dorsoventral bias. Flame cells
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Development 138 (17) were mostly located immediately below the muscular layer that surrounds the planarian mesenchyme (Fig. 1C ). The tubule stems usually faded out deeper into the mesenchyme, suggesting a transition into a non-ciliated tubule section undetectable by -Tubulin staining. Although some protonephridial units were found deep in the mesenchyme (near CNS elements, between the two posterior gut branches and within the pharynx), the ciliated sections of the planarian protonephridia system appeared to mostly form a loose network around the surface of the mesenchyme (Fig. 1A,C) .
In parallel, we optimized high-pressure freezing methods for planarians, a method that can yield better tissue preservation for electron microscopy than traditional chemical fixatives ( Fig. 2A-H ) (Dernburg et al., 1998; Salvenmoser et al., 2010) . A notable feature of high-pressure frozen specimens were large volumes of extracellular space between cells in the mesenchyme (Fig. 2B ). The suggested loose organization is consistent with the almost instantaneous dissociation of the planarian mesenchyme upon removal of the epithelium (not shown). Readily identifiable ciliation and other criteria previously established in chemically fixed material (McKanna, 1968b; McKanna, 1968a; Ishii, 1980b; Ishii, 1980a) provided a set of morphological features for the identification of protonephridial structures. Flame cells were defined by the 'filtration weir', which consists of closely apposed strands of cytoplasm surrounding a central cilia bundle, and by numerous microvilli between weir and cilia ( Fig. 2C,D) . The flame cells were often attached to a muscle fiber (not shown) and were always surrounded by a comparatively large volume of extracellular space (Fig. 2C) , which in past studies using chemically fixed material appears to have occasionally been misinterpreted as 'fixed parenchymal cells' (Pedersen, 1961; Ishii, 1980b) . Cross-sections through ciliated tubules were much more frequent than through flame cells and tended to occur in clusters, consistent with the tortuous course of ciliated trunk and side branches ( Fig. 1B) . Interestingly, clusters of ciliated profiles were almost invariably accompanied by clusters of non-ciliated tubular cross-sections ( Fig. 2B ). Both types of lumen were formed by intercellular junctions between two cells, which in the case of non-ciliated tubules often showed dramatic folding of their cytoplasm, appearing as mitochondria-rich 'loops' in cross-
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Excretory system maintenance and regeneration section (Fig. 2B,H ). Owing to their spatial co-occurrence with ciliated profiles, the non-ciliated profiles are likely to correspond to a similarly sinusoidal continuation of the ciliated tubules. In both ciliated and non-ciliated tubule sections we observed morphological subtypes of the bounding cells ( Fig. 2E-H) , consistent with the functional differentiation of constituent cell types inferred previously [ciliated 'ductule' and ciliated 'collecting duct' (McKanna, 1968b) ; non-ciliated 'trunk' and 'distal tubule' (Ishii, 1980b) ; 'transitional region' or 'osmoregulatory duct' (McKanna, 1968b) ]. Jointly, these experiments provide strong evidence to support the existence of multiple protonephridial cell types.
Protonephridia are complex epithelial organs
In order to identify molecular markers for the suspected diversity of protonephridial cell types, we screened whole-mount gene expression patterns for partial recapitulation of the -Tubulin staining pattern (Fig. 3A) . The gap junction gene Smed-innexin-10 (inx10) (Oviedo and Levin, 2007) and a carbonic anhydrase gene [H.14.9d or Smed-CAVII-1 (CAVII-1)] (Sánchez Alvarado et al., 2002) , were both expressed in branching patterns, in which CAVII-1 branches appeared less complex and tended to terminate farther away from the body margins. The ciliary dynein heavy chain Smed-DNAH-3 (DNAH-3) was expressed in punctate foci that had a similarly uniform distribution as flame cells, yet with additional expression domains in the pharynx and along the body margins. All three genes indeed marked specific sections of protonephridia, as shown by colocalization with -Tubulin immunostaining and double in situ hybridization experiments (Fig. 3B,C; see Movies 1 and 2 in the supplementary material).
Together, these markers permit the following molecular description of protonephridial anatomy (Fig. 3D) . DNAH-3positive flame cells connect to inx10-expressing ciliated tubules,
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Development 138 (17) which transition into CAVII-1-positive tubules. The tightly coiled CAVII-1-positive tubules are no longer ciliated, and thus are very likely to correspond to the non-ciliated tubule profiles seen by electron microscopy (Fig. 2B ,G,H) (McKanna, 1968b; Ishii, 1980b) . CAVII-1-positive segments often connected two neighboring proximal units, continuing the convergence trend of many proximal elements into fewer and fewer distal structures. Based on our molecular markers and previous efforts to clarify the confusing nomenclature (Ishii, 1980b) , we refer to the ciliated and inx10-expressing segments as 'proximal tubules' and to the nonciliated CAVII-1-expressing segments as 'distal tubules'. Unlike the uniformly distributed proximal units, distal tubules showed a clear bias toward the dorsal side in transverse sections (Fig. 3E) . The connection to ventral proximal units was maintained via long inx10-positive tubule segments transgressing the mesenchyme (Fig.  3E ). However, distal tubules still appeared to terminate abruptly in the mesenchyme. Hence, markers for yet more distal segments remain to be discovered. Similarly, we were unable to define the 3773 RESEARCH ARTICLE Excretory system maintenance and regeneration connection of protonephridia to the outside with the available reagents. A historical study on non-specifically stained sections (Wilhelmi, 1906) is usually quoted as evidence for the termination of protonephridia at dorsally located nephridiopores (Hyman, 1951) , but alternatives, such as drainage into the gut, remain possible.
Altogether, our ultrastructural and molecular marker analyses indicate that planarian protonephridia constitute a complex epithelial organ system that consists of multiple cell types organized into an intricate branching pattern.
Protonephridia regeneration
Having characterized markers for protonephridial cell types, we next explored how the cellular and morphological complexity of these organs is restored in the course of regeneration. Using multicolor in situ experiments at defined time points after amputation, we examined the temporal sequence and morphology of marker expression in head and tail blastemas (Fig. 4A,B) . At 1 day post-amputation, the flame cell marker (DNAH-3) and the proximal marker (inx10) produced diffuse and grainy signals at the wound margin. The small volume of new tissue at this early time point did not allow unambiguous distinction between old and new tissues and the variability in the signal observed between different animals could indicate background staining. However, 2 days after amputation, the proximal marker was prominently expressed in a rod-shaped structure embedded within the blastema, which was also associated with punctate flame cell marker expression. Even in high-magnification confocal z-stacks, we could not detect proximal marker-positive connections between this rod and protonephridia in the old tissue. Moreover, the morphology and temporal appearance of the structure were highly stereotyped, invariably occurring as a size-matched pair on either side of the midline in both head and tail blastema. Interestingly, the temporal snapshots of the regeneration timecourse experiments suggested that this structure might be the precursor of all protonephridia regeneration in the new tissue, which is why we refer to it as the proto-tubule. The distal marker CAVII-1 was first expressed on the third day after amputation, its initial expression domain invariably bisecting the proto-tubule. Beginning on day 3, the inx10-positive proximal segments underwent extensive branching morphogenesis. Branching first became evident on day 3 (coincident with dispersal of the DNAH-3 signal) and branch elongation towards the blastema margins was especially prominent on day 4. Even though branching appeared to be slightly delayed in tail blastemas as compared with head blastemas, protonephridia morphology in both cases became practically indistinguishable from that of uncut animals by day 6 after amputation, suggesting that organ regeneration, as assessed with the current set of markers, was complete by this time point.
Overall, the highly stereotyped regeneration of protonephridia from a precursor structure argues in favor of de novo organogenesis in regenerating tissues.
An epidermal growth factor receptor is required for protonephridial function
In order to identify components of the signaling network orchestrating protonephridia differentiation and morphogenesis, we performed an RNAi screen of a candidate library comprising 400 planarian homologs of conserved signaling pathway components (J.C.R. and K. A. Gurley, unpublished) . Previous studies have reported massive bloating of animals fed RNAi against cilia components (Reddien et al., 2005; Rink et al., 2009) or against the proximal marker gene inx10 (Oviedo and Levin, 2007) . In osmotic shock experiments and accompanying histological sections, we observed that such bloating is in fact caused by severe edema formation upon functional impairment of the ciliated and inx10-expressing proximal tubule (see Fig. S1 in the supplementary material). Edema formation also provided a readily apparent screening phenotype for potential protonephridia genes.
Our screen identified the epidermal growth factor receptor (EGFR) homolog Smed-EGFR-5 (EGFR-5), which, when knocked down, led to edema formation in intact and regenerating animals, similar to inx10(RNAi) (Fig. 5A ; see Fig. S2 in the supplementary material). Even though planarians have five EGFR family members (J.C.R., unpublished), which represents an unusual expansion of this gene family amongst invertebrates (Stein and Staros, 2006) , only RNAi of EGFR-5 led to edema formation. The first indication of a phenotype in uncut EGFR-5(RNAi) animals was an apparent depigmentation in the anterior half of the animal ('pale') beginning at day 5 after the last RNAi feed (Fig. 5B ). Within a further 3 days, pale animals progressed to tail edema formation as in inx10 (RNAi) animals. Starting at day 14 after the last RNAi feed, lesions became apparent, which progressed to eventual lysis and death of all EGFR-5(RNAi) animals.
Consistent with a direct role in protonephridial function, EGFR-5 was expressed seemingly exclusively in Y-shaped branches that were reminiscent of proximal protonephridia segments (Fig. 5C ). Multicolor in situ hybridizations confirmed co-expression with the proximal marker inx10 and revealed particularly high expression levels in DNAH-3-positive flame cells ( Fig. 5D ; see Movie 3 in the supplementary material). Consistently, EGFR-5 expression was already detectable, along with the flame cell marker, by 48 hours of regeneration, at the proto-tubule stage (Fig. 5E) .
Taken together, these data identify EGFR-5 not only as a second marker for flame cells and the adjacent terminal proximal branches, but also as a molecule with an important role in maintaining the functional integrity of the proximal segment of protonephridia.
EGFR-5 is required for flame cell maintenance and branching morphology
In order to understand how EGFR-5 might influence protonephridia function, we examined protonephridia regeneration in EGFR-5(RNAi) animals. A first survey of regenerated heads and tails 14 days after amputation demonstrated that all three cell type markers were present, indicating that the respective cell types had differentiated (see Fig. S3A in the supplementary material). However, the expression patterns, especially those of the proximal markers, were severely disturbed. Multicolor confocal imaging experiments (Fig. 6A ) demonstrated abnormal thickening of proximal branches and misdirected branch extension towards the posterior in head fragments. In tail fragments, however, the few remaining proximal segments were coiled into tight balls (Fig. 6A) .
Regeneration timecourse experiments provided insights into the ontogenesis of these defects ( Fig. 6B; see Fig. S3B in the supplementary material; refer to Fig. 4A for control) : The proto-tubule appeared to form normally in regenerating EGFR5(RNAi) animals, but severe branching and branch extension defects became apparent from day 3 onwards. The sprouting and peripherally directed extension of proximal branches from the proto-tubule were severely inhibited, such that by day 6, when control animals had regenerated the complete proximal arborizations, EGFR-5(RNAi) animals displayed only short, partly posteriorly misoriented inx10-positive bundles in the head, but hardly any signs of branch extension in tails.
A further abnormality of protonephridia regenerated under EGFR-5(RNAi) was that of less prominent flame cell cilia bundles in the -Tubulin channel (Fig. 6A) . Also, the flame cell marker expression pattern was affected (see Fig. S3A ,B in the supplementary material), suggesting possible defects in flame cell specification or maintenance. Indeed, quantification of flame cell numbers in EGFR-5(RNAi) animals 14 days after amputation (Fig. 6C) revealed a decrease to an average of eight flame cells/proximal unit. An additional injection of EGFR-5 dsRNA on the third day of regeneration, administered in order to boost the lessening knockdown efficiency (see Fig. S3C in the supplementary material), resulted in a further decrease to about five flame cells/proximal unit. Thus, the regeneration of protonephridia under EGFR-5(RNAi) caused both morphological defects in proximal arborizations and a reduced number of flame cells per proximal unit.
The same spectrum of phenotypes was also observed in nonregenerating EGFR-5(RNAi) animals. Expression of the flame cell marker was severely reduced 14 days after the last RNAi feed (Fig.  7A) . A quantification of flame cell numbers revealed a rapid decline in response to EGFR-5(RNAi), reducing their numbers to two flame cells/proximal unit around day 14 (Fig. 7B ). Such loss of flame cells is likely to explain the edema formation and eventual lysis in animals. In addition, proximal arborizations were also severely affected under EGFR-5(RNAi) (Fig. 7C) . However, in contrast to the disorganized and misdirected branching patterns observed in regenerating animals (Fig. 6A) , proximal arborizations were severely shortened to a few, short coils, especially in caudal regions. Interestingly, the gradual loss of flame cells (Fig. 7B ) was paralleled by a collapse of proximal arborizations (see Fig. S4 in the supplementary material) .
Our data thus indicate that EGFR-5 is required both for flame cell maintenance and for guiding branch extension of protonephridia. The close association between the two phenotypes further suggests that they might be mechanistically linked.
DISCUSSION
Our results establish the planarian protonephridia as a bona fide epithelial organ system. A variety of cell types assemble into complex tubular arbors with stereotypic proximodistal organization, in which abundant proximal elements converge into
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Development 138 (17) fewer and fewer distal structures. Such complexity at the architectural and morphological level place planarian protonephridia on a par with other branched organ systems such as trachea in insects and lungs, mammary glands, blood vessels and the kidney in vertebrates (Lu and Werb, 2008; Beyenbach et al., 2010; Costantini and Kopan, 2010) . All of the above examples rely critically on branching morphogenesis to establish the specific morphology necessary for proper organ function. It is, therefore, 3777 RESEARCH ARTICLE Excretory system maintenance and regeneration Fig. 4 for control. Dashed lines demarcate the boundary between old and new tissue, as inferred from autofluorescence in the infra-red channel (not shown). -Tubulin antibody staining (blue) was combined with the proximal marker probe (inx10, red) and the distal marker probe (CAVII-1, green). Images are maximum projections of confocal z-sections. (C)Flame cell quantification in 14-day EGFR-5(RNAi) regenerates having received either the standard RNAi dosage used throughout this study (Feeding) or an additional injection of EGFR-5 dsRNA on the third day of regeneration (Feeding + Injection). Three proximal units in six animals were scored for each time point. Error bars represent s.e.m. To the right is shown an illustration of the flame cell counting procedure using the indicated markers. For greater sensitivity, the flame cell marker DNAH-3 was developed with the non-fluorescent substrate NBT/BCIP. Flame cells (F, numbered) were defined as the spatial coincidence of an NBT/BCIP focus with a terminal tubule segment in image z-stacks. The images shown are maximum projections of a zstack; the NBT/BCIP brightfield image was brightness-inverted and pseudo-colored green. Scale bars: 100m. not too surprising that our screen of signaling components required for protonephridia-mediated tissue fluid homeostasis identified a gene with functions in branching morphogenesis.
The first phenotype resulting from EGFR-5(RNAi) comprised dramatic effects on the branching pattern of protonephridia. In nonregenerating RNAi-fed animals, the fanned-out organization of proximal branches collapsed until only short scrawl-like structures remained (Fig. 7C) . In regenerating RNAi animals, by contrast, we observed misorientation of the branches in the head and dramatic coiling of proximal tubules into tight balls in the tail region (Fig. 6A) .
Timecourse experiments provided insights into the ontogeny of these seemingly disparate phenotypes. In intact animals, the collapse of proximal arborizations correlated with the loss of flame cells (see below). In regenerating animals, the misdirected branch extension phenotypes appeared to develop in two phases. Up until regeneration day 6, EGFR-5(RNAi) animals displayed markedly reduced branching and branch extension in comparison to control animals (Fig. 6B, Fig. 4A ). In order to generate the striking coils in tails or disorganized branch patterns in heads of 14-day regenerates (Fig.  6A) , a burst of misguided proximal branch extension must occur between days 6 and 14. The reason for the distinct outcomes in heads versus tails involves differential RNAi sensitivities: both misguided branch extension and coil formation were part of a phenotypic series, but, for unknown reasons, tail tissues responded more strongly to a given dose of RNAi than head tissues (see Fig. S5A -C in the supplementary material). This effect might also contribute to edema formation preferentially in tails of EGFR-5(RNAi) animals ( Fig. 5A) .
Moreover, we noted that the switch in branch extension capabilities around regeneration day 6 coincided with a lessening knockdown efficiency of EGFR-5 (see Fig. S3C in the supplementary material) . The misdirected branch extension between day 6 and 14 is therefore likely to involve inappropriate levels or timing of EGFR-5 expression, whereas the early inhibition of branch extension correlated with low EGFR-5 levels. Similarly, the collapse and shortening of proximal branches observed in non-regenerating EGFR-5(RNAi) animals occurred under low and sustained knockdown of EGFR-5 (Fig. 7A ). Hence, a shared feature between the intact and regeneration phenotypes is a requirement for EGFR-5 in causing and maintaining branch extension. Second, RNAi-mediated knockdown of EGFR-5 caused a loss of flame cells, the cell type at the tip of protonephridial branches. These cells are thought to represent the entry point of interstitial fluid into the protonephridial system by means of ultrafiltration, analogous to the role of the glomerulus in the human kidney (Pedersen, 1961) . Hence, the dramatic edema formation in EGFR-5(RNAi) animals is likely to result primarily from a loss of flame cells, rather than from the altered branching morphology of protonephridia. In intact animals, the number of flame cells per proximal unit declined rapidly in response to , from 14-15 cells/unit at the onset of RNAi feeding to only 2 cells/unit at the lysis stage (Fig. 7B) . In regenerating animals, we could also measure an RNAi dosedependent decrease in flame cells/proximal unit 14 days postamputation (Fig. 6C) . These data establish a definite role of EGFR-5 in maintaining flame cells (and possibly also the adjacent proximal branches). Whether EGFR-5 is also required for flame cell differentiation during regeneration and/or homeostasis is currently difficult to ascertain. Flame cell marker expression was detectable early on in regenerating EGFR-5(RNAi) animals (see Fig. S3B in the supplementary material), but the tools to determine whether their numbers are normal and whether or not the differentiation process is affected are presently lacking. Moreover, the seemingly regenerationinduced decrease in EGFR-5 RNAi efficiency (see Fig. S3C in the supplementary material) represents a second experimental obstacle to addressing early roles of EGFR-5 in flame cell differentiation.
Regardless of the specific role of EGFR-5 in flame cells, the strong correlation between flame cell phenotypes and proximal branching morphology remains an important observation. In intact animals, we observed a gradual collapse of arborizations concomitant with the loss of flame cells. In regenerating animals, the severity of the branching defects at day 14 post-amputation correlated with the number of flame cells ( Fig. 6C; see Fig. S5D ,E in the supplementary material). Hence, a mechanistic link between flame cells and the establishment and maintenance of proximal branching patterns seems likely.
Interestingly, branching morphogenesis generally depends on specialized cells at the tubule tips (Lu and Werb, 2008) . Tip cells specified by, and responding to, FGF signaling guide the extension and morphogenesis of Drosophila tracheal tubules (Ghabrial and Krasnow, 2006) . Vertebrate kidney development relies on tip cells specified via differential RET receptor signaling to guide branch outgrowth from the ureteric bud (Chi et al., 2009) , and vertebrate blood vessel development represents yet another example in which migratory tip cells act as the 'motor' for elongation and positioning of a tubular network (Hellstrom et al., 2007; Siekmann and Lawson, 2007) . By analogy, and in light of our data, flame cells might act as tip cells in protonephridia morphogenesis, besides their roles in organ physiology. Furthermore, EGFR-5 might fulfil the widespread requirement for receptor tyrosine kinase (RTK) signaling in specifying and guiding the 'tip motor' (Andrew and Ewald, 2010) . The collapse of proximal arborizations concomitant with the loss of flame cells in intact EGFR-5(RNAi) animals (see Fig. S4 in the supplementary material) indicates a persisting tip cell function, which might reflect the anchoring of tubule ends to the muscular layer via the prominent flame cell filopodia that are visible in electron micrographs (McKanna, 1968a; Ishii, 1980a) .
Altogether, the branching morphogenesis of planarian protonephridia revealed by our studies represents a fascinating example of biological pattern formation on several levels (Fig.  1A,B ). First, individual protonephridial units tile in a nonoverlapping manner. Second, within units, branches extend in a spatially efficient manner. Third, proximal units contain a remarkably consistent number of flame cells (14.55±0.65), amounting to 14 or 15 flame cells per proximal unit in caudal regions. The mechanistic basis of these patterns, in particular the hypothesis that limiting quantities of an EGFR-5 ligand might be involved, represents an interesting area for future exploration. In addition, the striking food supply-dependent variations in planarian body size raise questions regarding the scaling of protonephridial capacity with animal size. The animals used in this study ranged between 0.8 and 2.5 mm in length; hence, it appears likely that the number of flame cells/unit remains constant at 14 or 15 irrespective of animal size. The consequence of capacity adjustments via the addition or removal of entire protonephridial units also seems in agreement with the mechanism of protonephridial regeneration in forming tissues.
Our data strongly suggest that protonephridia regenerate de novo, rather than by growth and extension from pre-existing units. A proximal marker-expressing structure, which we called the prototubule, appears to initiate organ regeneration. The rod-shaped proto-tubule emerged at ~36 hours, embedded within the blastema (Fig. 4A ). Besides the fact that we could not detect connections to pre-existing protonephridia, the remarkable consistency in the timing of appearance, position, size and symmetry between right and left blastema halves strongly suggest de novo formation of the proto-tubule. We cannot exclude a contribution of pre-existing protonephridia to the final organ complement in the new tissue, for example by dynamic reorientation of proximal branches near the blastema boundary. However, the temporal snapshots of our timecourse experiments suggest that the majority of protonephridia in the new tissue originate from the morphogenetic remodeling of the proto-tubule. One interesting aspect of this remodeling is the invariable bisection of the proto-tubule by distal marker-expressing cells on day 3 (Fig. 4A) , which is likely to represent the ontogenetic basis for the convergence of two proximal units into one distal unit (Fig. 3) .
Besides the mechanisms driving branching and branch extension, the origin of the proto-tubule raises further fascinating problems. In analogy with epithelial tube formation in other systems (Lubarsky and Krasnow, 2003) , invagination from the overlying epithelium or condensation of blastema cells are plausible mechanisms. The intermittent ciliation within 48-hour proto-tubules ( Fig. 5E ) might indicate a focal mode of lumen formation, which is typical of solid precursor structures (Dong et al., 2009 ). Moreover, a study in the polyclad flatworm Imogine mcgrathi suggests embryonic protonephridia formation from mesodermal cells (Younossi-Hartenstein and Hartenstein, 2000) , which is why we currently tend to favor a condensation mechanism. The relatively poor preservation of cell boundaries by our in situ hybridization protocol is one of the current obstacles in further addressing the cell biology of such a fascinating example of non-embryonic organogenesis. The same problem also precluded us from tracing protonephridia to their site of termination.
Altogether, our ultrastructural, molecular and functional dissection of planarian protonephridia define a novel experimental paradigm for studying the various processes involved in the assembly, morphogenesis and maintenance of an epithelial organ, as well as its evolution. The cellular complexity of the planarian protonephridia revealed by our work suggests that studies of this organ system will not only complement those of other molecularly tractable, yet highly derived, excretory systems (e.g. the single excretory cell of C. elegans, or the uncoupling between ultrafiltration and absorption/secretion in the Malpighian tubules of Drosophila), but also might help to elucidate the functional and evolutionary relationships that define the invertebrate and vertebrate excretory systems.
